The successful exfoliation of graphite to graphene sheets in liquid phase via tip sonication was achieved. A number of solvents were examined for several time periods and it was found that o-dichlorobenzene (o-DCB) and N-methyl-1,2-pyrolidone (NMP) are ideal solvents to exfoliate graphite and produce stable dispersions of graphene. The exfoliated graphene dispersions were characterized by complementary 10 techniques including AFM, DLS, TGA and Raman. Furthermore, treatment of stable dispersions of exfoliated graphene sheets in NMP with poly[styrene-b-(2-vinylpyridine)] block copolymer, under acidic conditions, resulted on aqueous solubilization of graphene. Similar results were obtained, i.e. transfer of graphene from the organic to the aqueous phase, when poly(isoprene-b-acrylic acid) block copolymer was added on exfoliated graphene in NMP.
Introduction
Graphene with a 2D crystal lattice is a unique electronic system possessing exceptional properties 1,2 suitable for applications in diverse research fields. [3] [4] [5] [6] [7] [8] [9] [10] However, its poor processability, mainly due to insufficient exfoliation from graphite, in 20 combination with its insolubility in all organic solvents, handicap graphene's immediate applicability. Therefore, production of mono-or few-layered graphene is a major challenge and several methods have been developed toward this direction. Micromechanical exfoliation of graphite or the "Scotch tape" 25 method 9 is widely used to obtain intact graphene layers with perfect structure. However, this method produces low quantities of uneven graphene sheets. Chemical vapour deposition (CVD) of hydrocarbons and epitaxial growth of graphene sheets on metal substrates [11] [12] [13] [14] [15] is another general method for the preparation of 30 graphene in relatively bulk quantities, though the CVD method suffers from limitations in manipulating the size, shape and doping of the as-prepared graphene sheets. A different approach for obtaining graphene sheets in bulk quantities is via chemical oxidation of graphite and subsequent 35 exfoliation in water forming soluble graphene oxide. [16] [17] [18] [19] [20] [21] However, in the latter material a variety of oxygen functionalities are introduced, disrupting the extended π-conjugated sp 2 network and affecting the novel electronic properties of graphene, thus making it an insulator. Although reduction of graphene oxide 40 yields reduced graphene oxide sheets, most of the times the process is incomplete and the physical properties of the material produced never reach those of pristine graphene. [20] [21] [22] Recently, another top down method was developed to produce graphene sheets, involving the exfoliation of graphite in liquid 45 phase, through direct sonication, by using molecules that overcome the strong Van der Waals interaction, supporting the multiple graphene layers in graphite. In this context, several liquids were used to create stable dispersions of graphene such as surfactants in aqueous media, 23, 24 ionic liquids 25, 26 and organic 50 solvents.
27-29
Moreover, graphene-polymer composites attracted considerable interest because of their great mechanical, electric and thermal properties. 31, 32 Dendritic type polymers were used to functionalize graphene sheets through π−π stacking, followed by 55 deposition of in-situ generated metal nanoparticles, 32 while poly-(N,N-dimethylacrylamide)-b-poly(N-isopropylacrylamide) block copolymer was intercalated with chemically converted graphene sheets giving rise to a potentially biocompatible hybrid complex. 33 In a similar way, both hydrophilic and hydrophobic 60 polymers were used to enhance the exfoliation of graphene sheets from graphite in liquid phase through hydrophobic interactions. [34] [35] It is also worth-mentioning that aqueous dispersions of graphene can be obtained by sonicating graphite in the presence of polymer as stabilizers such as polyvinyl pyrrolidone or 65 surfactants such as sodium cholate and sodium dodecyl benzene sulfonate. [36] [37] [38] [39] [40] [41] [42] The aim of the current study is the search for new and more efficient strategies for graphene exfoliation and solubilisation not only in organic solvents but also in aqueous media. Herein, the 70 powerful approach of tip sonication was applied to exfoliate graphite and obtain high concentrations of graphene dispersed in organic solvents. Time variation of tip sonication, in parallel with a number of solvents tested was investigated, searching for optimum conditions to achieve maximum exfoliation, while 75 forming stable graphene dispersions. In addition, it is shown that the wettability of graphene can be modulated from the organic to the aqueous phase, by adding the amphiphilic block copolymers poly[styrene-b-(2-vinylpyridine)] (abbreviated as PS-b-P2VP) and poly(isoprene-b-acrylic acid) (abbreviated as PI-b-PAA), shown in Scheme 1, as a function of pH. 
Experimental Instrumentation
Tip sonication was performed with a Bandelin Sonoplus 10 Ultrasonic Homogenizer HD 3200 equipped with a flat head probe (VS70T), running at 10% of the maximum power (250W). Centrifugation was performed by an Eppendorf 5702 at 2500 rpm. UV-Vis-IR electronic absorption spectra were recorded on a Perkin-Elmer (Lambda 19) UV-Vis-NIR spectrophotometer. 15 Thermogravimetric analysis was performed using a TGA Q500 V20.2 Build 27 instrument by TA in a nitrogen inert atmosphere. Raman scattering measurements were performed in the backscattering geometry using a RENISHAW inVia Raman microscope equipped with a CCD camera and a Leica microscope 20 at room temperature. A 2400 lines mm -1 grating was used for all measurements, providing a spectral resolution of ± 1 cm -1 . As an excitation source the Ar + laser (514 nm with less than 0.5 mW laser power) was used. Measurements were taken with 60 s of exposure times at varying numbers of accumulations. The laser 25 spot was focused on the sample surface using a long working distance 50x objective. Raman spectra were collected on numerous spots on the sample and recorded with a Peltier cooled CCD camera. The intensity ratio I D /I G was obtained by taking the peak intensities following any baseline corrections. The data were 30 collected and analysed with Renishaw Wire and Origin software. Dynamic light scattering (DLS) measurements were performed on a ALV/CGS-3 Compact Goniometer System (ALV GmbH, Germany), equipped with a JDS Uniphase 22mW He-Ne laser, operating at 632.8 nm, interfaced with a ALV-5000/EPP multi- 35 tau digital correlator with 288 channels and a ALV/LSE-5003 light scattering electronics unit for stepper motor drive and limit switch control. The scattering intensity and correlation functions were measured at 90 o . Correlation functions were collected for ten times and were analysed by the cumulant method and the 40 CONTIN software, which provides the apparent hydrodynamic radii distributions by Laplace inversion of the correlation function and by aid of the Stokes-Einstein relationship. Atomic force microscopy (AFM) images were recorded with a Nanoscope IIIa Extended Multimode (Veeco, USA) in tapping-mode at room 45 temperature under ambient conditions using commercial available etched Si cantilevers with spring constant of 40 nN m -1 and typical frequencies between 200 and 400 kHz. All samples for the AFM measurements were prepared by drop casting. Generally, 5 µl solution containing the carbon allotrope was 50 dropped onto freshly cleaved mica wafer with a diameter of 10 mm, and then the mica wafer was placed at an angle of ca. 60° to let the solution drop flow down at the end of the wafer. Finally, the mica wafer was dried in ambient environment. 
Materials and Reagents

Graphene/amphiphilic block copolymers ensembles in water
A stock solution of amphiphilic block copolymers PS-b-P2VP (0.6 mg/mL) and PI-b-PAA (0.5 mg/mL) in NMP was prepared and added to exfoliated graphene dispersions in NMP at a weight 75 ratio 2:1, 1:1 and 0.5:1, respectively (see below for details, Table  S1 , entry 4). Then, 1 mL of the graphene/PS-b-P2VP ensemble was added to 5 mL of vigorously stirred HCl aqueous solution (pH≈2) and 1 mL of the graphene/PI-b-PAA ensemble was added to 5 mL of vigorously stirred HCl aqueous solution (pH≈2), upon sonication, however, the small impurities generated may result on additional stabilization of the exfoliated graphene.
45-47
When a blank experiment in which o-DCB was tip sonicated, 5 under the same experimental conditions followed for the graphene exfoliation, the generation of a small amount of decomposed products, mainly precipitated upon centrifugation, was similarly found. (Table S1 , ESI †). Based on those measurements and calculations, the concentration of exfoliated graphene after 60 min. of tip sonication in o-DCB was found 17.8 µg/mL, whilst at the same time the exfoliated graphene dispersion in NMP was measured at 3.8 µg/mL. 20 Raman spectroscopy is a powerful tool for characterizing carbon nanostructures. In Fig. 2 (Fig. 2) are evident. The presence of a D-band with a relatively high intensity (I D /I G = 0.6) in exfoliated graphene is due to sp 3 hybridized carbon atoms and structural defects caused by the tip sonication applied to achieve exfoliation from graphite. On 30 the other hand, the shape and frequency of 2D-band is sensitive to the number of graphene layers, namely it becomes smoother and broader upon exfoliation of graphite to oligolayered graphene sheets, while it sharpens for monolayered graphene. 12, 14 Evidently, the 2D-band of exfoliated graphene appears at 2693 DLS measurements confirmed the presence of structural changes on exfoliated graphene caused by tip sonication. The apparent hydrodynamic radius (R h ) of exfoliated graphene sheets, 45 estimated using cumulant analysis, was found ca. 200 nm, suggesting that graphene sheets are small-sized.
Morphological examination of exfoliated graphene was performed by AFM. Exfoliated graphene in either o-DCB or NMP was deposited onto fresh cleaved mica substrate, then dried 50 in air and the height and topography of the so-prepared exfoliated graphene films were studied. Because of their high surface area, graphene sheets were aggregated, tend to coalesce and overlap each other forming wrinkled structures or even re-stacked to a graphitic structure due to van der Waals interactions when their 55 dispersion was dried. A typical AFM image of graphene sheets is presented in Fig. 3 . Profile analysis shows a height of 2.5 nm for the region indicated by arrows. Section analysis of other regions of the image show height ranges between 1.5 nm and 20 nm and lateral dimensions of 40−50 nm, indicating the presence of small-60 sized oligolayered graphene sheets.
In the next step graphene/copolymer ensembles in organic solvent (i.e. NMP) were examined by DLS measurements. After PS-b-P2VP block copolymer addition to exfoliated graphene dispersions in NMP, no significant changes to the average 65 apparent hydrodynamic radius of the dispersed nanostructures were observed. On the other hand a noticeable decrease was observed in this parameter when PI-b-PAA was added to the graphene dispersions in NMP. AFM imaging was utilized in order to extract more detailed information on the block copolymer/graphene hybrid nanostructures. Images obtained indicate that the morphology of 10 graphene/PI-b-PAA ensembles (Fig. 4) is quite different compared with that of exfoliated graphene (cf. Fig. 3) . The presence of amphiphilic PI-b-PAA block copolymer in the exfoliated graphene dispersions resulted to the formation of heterogeneous sized rod-like shaped aggregations, with thickness 15 ranging from 35 nm to 70 nm and lateral dimensions around 450 nm. Profile analysis shows a 44 nm height for the indicated by arrows section (Fig. 4) . Although there seems to be a disagreement with the DLS results one should keep in mind that the results of the two methods are not directly comparable. DLS 20 gives an apparent average hydrodynamic radius that depends on size distribution and shape of the dispersed nanostructure. AFM probes the nanostructures in the solvent free state on a solid surface. Correlation of the results in this case may indicate a reassembly of the block copolymer/graphene nanoaggregates on the 25 solid substrate. On the other hand, AFM images of graphene/PSb-P2VP ensembles (Fig. S2, ESI †) show the presence of uniformly shaped and sized sheets, with thickness between 20−30 nm and lateral dimension of 50 nm, quite similar to exfoliated graphene sheets. 30 The approximate weight fraction of the physically adhered block copolymer on exfoliated graphene was determined by thermogravimetric analysis. TGA measurements performed under inert nitrogen atmosphere, so intact graphite flakes are thermally stable up to 900 °C, contrary to exfoliated graphene which 35 showed a continuous weight loss most likely due to the incorporation of defects during tip sonication (Fig. 5) . Graphene/PS-b-P2VP hybrid material showed a total weight loss of 40% up to 550 °C (Fig. 5a ) which can be attributed to decomposition of the organic addends grafted onto exfoliated 40 graphene sheets, including the copolymer moieties. Intact PS-b-P2VP decomposed at 405 o C, under nitrogen atmosphere.
Likewise, graphene/PI-b-PAA hybrid material showed a two-step weight loss of 55% up to 550 o C (Fig. 5b) . In both cases, the observed weight loss above 550 o C is attributed to the destruction 45 of the graphitic skeleton starting from defects sites. Having achieved the exfoliation of graphene in organic solvents, we turned our efforts on switching its solubility from the organic phase to an aqueous environment. Because o-DCB miscibility with water is almost negligible, while NMP shows better affinity with water, the studies for transferring the 10 exfoliated graphene sheets to water were performed in the latter organic solvent. Briefly, three different graphene/PS-b-P2VP ensembles with weight ratios adjusted to 1:2, 1:1 and 1:0.5 were prepared by adding 0.18, 0.35 and 0.7 mg of PS-b-P2VP into exfoliated graphene in NMP (30 mL). Then, 1 mL of each 15 dispersion was added dropwise into 5mL of vigorously stirring HCl aqueous solution (pH≈2). It is important to adjust the pH in an acidic value, in order to protonate the pyridine group of PS-b-P2VP and promote its water solubility. Actually, the positive charges on the copolymers are responsible for the aqueous 20 solubilization of the graphene/PS-b-P2VP ensemble in an acidic environment, as it was observed in Fig. 6 . and at pH=2 (right vial). 25 For the case of the amphiphilic block copolymer PI-b-PAA, a similar procedure was followed and the graphene/ PI-b-PAA ensemble was transferred into water. At this point it should be emphasized that PI-b-PAA block copolymer possesses -COOH functions sensitive to pH changes. Deprotonation of the 30 carboxylic unit occurs at pH values above 4, and this is where substantial aqueous solubilisation was observed. However, as poly(acrylic acid) is water soluble even at acidic pH aqueous solubility of PI-b-PAA and therefore of the graphene/PI-b-PAA ensemble is expected to be pH insensitive. 35 The aqueous phase solutions that were prepared by adding the organic solutions containing graphene and PS-b-P2VP into acidified water (pH≈2) were characterized by DLS. In this case protonation of the pyridine moiety of the graphene/PS-b-P2VP nanoassemblies is expected. Regardless the graphene/copolymer 40 weight fraction in aqueous dispersions there is a relative aggregation of the initial nanoentities as evidenced by the increase of R h from ca. 200 nm to ca. 500 nm. Aggregation effects also occurred in the graphene/PI-b-PAA dispersions in neutral and acidic aqueous media. Apparent R h increased to ca. 45 800-1100 nm in neutral pH and to 600 nm in acidic environment. In basic conditions the apparent R h increased to ca. 700nm at ph≈9, while at pH≈12 increased to ca. 900nm. The carboxyl groups of the PAA blocks of the copolymer deprotonate at pH>4, so an increase in R h was expected as pH was decreased, due to a 50 decrease in the solvent quality, which in turn would result in aggregation of the hybrid nanoassemblies. At basic pH (ca. 9 and 12) an increase of R h is also observed but since here deprotonation of the COOH moieties of the graphene/PI-b-PAA nanoassemblies is expected, the increase in dimensions can be 55 also explained by the tendency of PI-b-PAA adsorbed chains to extend their molecular dimensions in basic environment. In any case the hydrophobicity of graphene moieties present in the hybrid nanoassemblies is expected to induce aggregation of the initial nanostructures when solvent is changed to water. The 5 aqueous dispersions were monitored monthly to verify their stability. No significant precipitation of the large graphene flakes was observed for the first five months with a small but not significant decrease in apparent R h .
Finally, AFM imaging of the aqueous dispersions of 10 graphene/PS-b-P2VP hybrid material (Fig. 7) confirmed the existence of single-and few-layered graphene sheets. Graphene/PS-b-P2VP ensembles are not homogeneously sized, however, section analysis showed that the observed graphene/copolymer ensembles are only 1 nm to 7 nm thick. 
Conclusions
Graphene sheets were exfoliated upon tip sonication in a variety 20 of organic solvents. It was found that stable graphene dispersions could be formed in o-DCB and NMP. Spectroscopic, thermal and microscopy techniques were applied to characterize the exfoliated graphene sheets. Furthermore, when exfoliated graphene in NMP was treated with an acidic solution of poly[styrene-b- vinylpyridine)] block copolymer, aqueous solubilization of graphene was achieved. In addition, when exfoliated graphene was treated with poly(isoprene-b-acrylic acid) block copolymer the dispersibility of exfoliated graphene was switched from the organic to the aqueous phase. 30 
